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1. INTRODUCTION

This report describes reliable measurement techniques for source-—egion
EMP parameter measurements in the AURORA exposure room. Most of these
techniques were applied during the course of MRC's support of HDL experi-
ments under contracts DAAG-39-78-C-0026 and DAAG-77-C-0033.

General considerations for interferences in AURORA experiments are
described in section 2. Different classes of measurements are described
in sections 3, 4, and 5. The general principles of each measurement are
followed by interference considerations and specific design examples for
AURQRA applications.

2. INTERFERENCES

Interferences (caused by energetic radiation, resulting electromagnetic
fields and currents) are a pervasive concern in the AURORA exposure reom.

The interferences can be claiused as: Compton transfer curreats,
ionization-induced conduction, shield currents, and photon-induced cable

currents. EBach of the above interferences ave discussed below.

g.1 Compton Transfer Currents

The AURDRA gemerated twemsstrahlung photon field is accompanicd
by a curzent of Conpton electrois whose density is approximately described by

K-E 5 G{‘Hsil
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J, =K, D (1)
where Kc I 2‘><10'8 (C/xad mz), and D is the dose rate in rads(air)/s. The
Compton electrons are created by photon-matter interactions and are contin-
uously slowed down by ionizing collisions. While the equilibrium current
density is almost independent of material, objects placed in the photon
field can accumulate a net charge. A net charge occurs because of the pho-
ton field attenuation passing through the object, electron scattering at
interfaces, and the. small dependence of Compton current on atomic number.

The fractional imbalance from photon attenuation is described approxi-
mately by

ex/40 g/cm2

£f=21- (2)

where X is the mass density of the object along the photon path.

Contributions from electron scattering and the dependence on atomic
number increase slowly with difference in atomic number. The increase is
approximately proportional to the mass density. up to the electron range
(~ 0.3 g/cmz). For layers thick compared to the electron range, the net
current can be up to approximately 20 percent of the Compton current
generated within an electron range for large differences in atomic wusber.

2.2 lonization-Induced Conduction

All materials exhibit enhanced conductivity while exposed to
ionizing radiation. A major area of concern is incréased currents across
reverse-biased semiconductor junctions. This enrhanced collector-base
leakage cuirent or reverse-biased diode leakage curtent is commokiy called
its primary photocurient, Ipp. The magnitude can be described by

Epp = Kpp @)




where Ko, varies upward by several orders of magnitude from «.10-12 C/rad
for low power (~ 0.25 W) high-frequency devices (fy > 100 Miz), and D is
the dose rate in rad(Si)/s.

Air is also a conductor in an ionizing field. It's conductivity in the
presence of ionizing radiation is given by

o = Kk b 4)

where K, ~ axio~11

the dose rate. The conductance across an air gap between conductors can be-
come less than the value calculated from this conductivity as space-charge
boundary layers build up.

mho s/rad m(approximate.value for damp air),’ and D is

The conduction in insulators is represented by the same formula (equa-
tion 4) with K varying from less than 1072 pho s/rad o in polystyrene
and polyethylene to 10712 mho s/rad m in pure single-crystal s:q)phi.re.2 Poly-
mers tend to have the lowest values and are followed in order by glasses,
inorganic polycrystalline materials, inorganic single-crystal materials.

There are also smaller delayed conductivity components that must be
considered for some applications, particularly ones in whick total charge

conducted across an imsulator is a relevant paramster.

2.2 - Shield Currents

The AURORA test ucsll enviromasut forxces one to use shielded cabies,
so that large currents induced on cohduci.id {from Compton replacement, elec-
tric field coupling, and wagnetic field coupling) £low on the shields rather
than on signal wires. Nevertholess, cabie shields are impexfect and a frac-
tion of the current can appear in the sigaal ¢ircuit. Typically, shield
currents can rangé from ! amp upward to several hundred azmps, depending
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on the location of the cable (cables laid close to metal surfaces and out of
the direct ionization field will have the smaller currents).

The effect of shield currents on the signal response can be estimated
using the cable transfer impedance, Zy, the signal voltage per unit length
per unit shield current. Typical values of Z, for various types of cables
versus frequency are shown in figure 1. For AURORA pulse shapes (f ~ 4 MHZ)
the transfer impedance of single-braid shield cables is Zp ~ 0.050 ohm/m;
for double-braid shield cables Zy ~ 0.001 ohm/m. Therefore, the noise in-
duced on a typical ~ 10 m single-braid shielded cable run from the test
cell to the data room by ~ 1 amp of shield current is 500 mV. This noise
can be decreased by surrounding the cable bundle by a solid metal shield.
It can be. significantly worse if the shield current is not led to a low-
impedance ground, and is allowed to flow onto the oscilloscope chassis.

2.4 Photon-Induced Cable Current

Ionizing 'radiation induces currents into cables by Compton cuxr-
rent transfer hetween the cable conductors and dielectric, and by conduction
across air-filled gaps. Conduction is particularly seyxious, because in
almost all cables small air-gaps exist (e.g., between shield wires and
dielectric) and the gaps are pre-biased by charge trapped in the dielectric.

Therefore, the magnitude and sign of the conduction are nut ascurately

predictabie.

The net effect on cables is a current source in the signal circuit
described by

‘x-xdzé. {5)

Typical values of Ky are sumarized in table 1. The smalicst values ave

found in special “gapless™ cables such as Aljac and Cujac. Next come solid
dielectric cables {e.g., RGS8, RG213). Cables with deliberate gaps (e.g.,
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RG62) and foam dielectrics (e.g., RG331) exhibit the largest photon-induced
currents.

Table 1. Typical Photon-Induced Cable Currents.

Cable Kd (C/rad'M)
-12
RG-58 10
RG-11 (Triax) +10°13
RG-213 (Coax) +10712
RG-59 (Coax) 10712
3/4" + 7/8“ 10-11
Foam Coax R57

For a typical AURORA application using RGS8 (K, = 10713 C/rad-m), a
1 m length of cable may be exposed at D= 1010 rads/s, followed by 10 m at
10% xads/s (e.g., in a trench). The net current induced in RGS8 would be
~ ~ 2 mA, creating a signal of ~ 1G0 nV across a 500 termination (assuming
the source impedance is large compared to 50Q.

3. ELECTRIC PIELD AND VOLTAGE NEASUREMENTS

3.1 Potential Difference Technique

The wost common method of detersining a vector component of
the e¢lectric field is to measure the difference in potential between two
clectrodes. A limitation to this method is the degree to which the measuving
Circuit perturbs the field being measuved. For fast response, eclectrostatic
voltmeters cannot be used. Therefore, the measurement circuit draws curvent
from the sensor. This cusrent integrates to leave a nwt charge on the
electrodes, changing the electric field between them. Furthersore, the
electrodes, the associaZed wiring and signal-cenditioning electromics
introduce conductors that may pertuzb the field distribution.
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To minimize the perturbation of the electric field by conductors requires
that the sensor, the wiring, and the electronics metal surfaces be placed
along equipotential surfaces. This implies that they must be small compared
to the distance over which the electric field changes, and that the field
direction is known. For this reason, electric field measurements are most
readily performed next to flat conducting surfaces (e.g., the walls and
floor of the AURORA screen rom).

The effect of the measuring current on the field measurement can best
be analyzed using the configuration shown schematically in figure 2a. The
sensor electrodes have an area (A) and a spacing, d. They are connected
to a series resistance (Rg) and a signal-conditioning amplifier with input
resistance (RA)' If this sensor were subjected te a step function electric
€ield (E), the voltage appearing at tho amplifier input would be described by

_ ( Ry )
‘!‘ Q A ——————— B * d- (6)
The current drawn from the sensors to establish this voltage is described by

E* 4 :
IA & e a c?)
in EA - Eg
As a result, the electrodes will accumulate charge and the electric field
between them will be dscreased. Eventually enough chavge will accumslate
on the eléctvodes to cancel the electric field between thom. The chargce
‘teristic charging time is described by

Te (R wRIC (8)
where C = €&/d, and € is the pemmitrivity of the material between the clegs
tides, € aguals the capacitince between the sensor electredes. The wquive

aient circuit, shown in figure b, vapresents this response. As a iosuilt,
the voltage sensitivity at the asmpiifiev input can be expressed as

1}




Ares = A L

1 Amplitier

RE?7

a) Configuration.

3

b) Equivalent Circuit. w57

Figure 2. Electric figld sensor. |
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This reiation illustrates the tradeoff between Sensitivity and response
time for such a sensor. The input resistance for the amplifier is limited
by frequency response. Typically, for an amplifier input stray capacitance ]
of CA' the exponential rise time of the input signal is T ® RaCp - There- :
fore, the input expressioa becomes

V. T
in r Ae -~t/x i
B2 -&-Z- e B3 E

and the sensitivity is directly proportional to the quotient of rise time
and fall time. For very fast rise times, the dimensions of the electrodes
(e.g., their area A) is also limited because of signal propagation effects.

It should be noted that increasing the electrode spacing d, does not
improve the semsitivity since the series resistor RS has .to be increased
proportionately to preserve the low-frequency response. Increasing the
electrode srea can improve the seasitivity. This increased sensitivicy
is limited by the wasimup dimension over which the electric field is uni- E
form.

For a typical AURORA semsor,

%, & 3# ns,
« 0.5 %, aad o
C, = 30 pb.

-
[}

Theretore,

-
o
3

= 1% . (13 o
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Also, if interference in the output cable is sufficiently small, Rg can be
set equal to the cable characteristic impedance (e.g., 50R) and the ampli-
fier eliminated. This results in reduced sensitivity with AURORA pulse
widths. For the sensor described above,

V.

A0 = 5x107% m. (12)

Interferences: result from radiation-induced Compton currents emitted
from the electrodes, photon-induced cable currents in the input cable,
and primary photocurrent in the input stage of the amplifier. If no
amplifier is used, photon-induced cable current in the output cable also
contributes significantly.

The Compton current from the electrodes charges the electrode capaci-
tance, simulating a rate of change of E. The apparent rate of change is
expressea by ’

J JAd
A(%%)(Compton) = °CA"= °:'( . (13)

For this case we have assumed that a wire screen was used so that the area
of the Compton-emitting solid, A,, is less than the total area of the elec-
trodes, A. If the resistor Rg is placed at the electrodes, the photon-
induced current in the input cable produces a voltage across the amplifier
input resistor, Rps that adds to the primary photocurrent in the amplifier
input stage. Therefore,

by

L] . T
AF{Cable + Ipp) = (K420 + KppD) T (14)

For the above sensor, assume that the electyodes are screen (90 percent
open area) of 0.1 g/cm2 thick Al wire, that the Compton current imbalance
between air and Al is approximately 10 percent, that the electrode spacing
is 0.03 m, and that the dose rate at the sensor is D= 109 rads/s. Then

14




2x10™2 x (1/3).% 0.1 x 0.03 x 107

g.9x10"12

dE
R%Compton) R

(15)
a8
s 2%10° V/m-s .

At the end of a 10'7 s pulse accumulating a total dose of 102 rad, the error
in E is 20 V/m. This error is approximately one percent of the fields
created in the AURORA test cell. At higher dose rates the error can be
significant.

Similarly, if one meter of RG58 cable (with K 47 10'13 C/rad-m) is illum-
inated by D = 10° rads/s, and a preamp (with Kop = 10712 c/rad) is exposed
to 102 rads/s (in a shielded location), then

0728 x 1 x 10° + 10712 x 10%) x 3x107

0.3 x 9x10';2

AE(Cable + Igp) & (16)
~ 200 V/m.

This interference is approximately 10 percent of the fields in the AURCRA
test cell.

3.2 Other Methods of Electric Field Measurement

A variety of other methods to measure the electric field have been
considered, particularly foxr applications in which neither electrode can
be at ground potential. The most proaising appear to be the following
methods .

1) Using electrodes and preamplifiers, such as those described in
section 2.2, to drive a high frequency (~ 100 Miz) voltage-controlled
oscillator (VCO) and a wide-band fiber-optics (FO) link. The FO link
provides dielectric isolation, and the VCO overcomes the problem of tran-
sient fluorescence and darkening due to radiation exposuse of the gluss
fibers.

15
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2) Using a Pockels cell. A suitable crystal, located at the position
at which the electric field is desired, is traversed by one to three

polarized light beams. Up to three electric field components can be deduced
from measurements of the rotation of the planes of polarization. The measure-
ments can all be performed in a shielded location, with mirrors to guide

the light beam(s). Effects of fluorescence in the air and crystal can be

: :;,; eliminated by using a narrow wavelength intense light source (e.g., a laser)
ftvf‘ : and an interference filter at the receiver. The seriousness of transient

t *‘32 darkening in the crystal needs to be investigated.

3.3 Vnltage Mezsurement

The voltage between a point and ground can be measured using the
. -;i_ method described in section 3.1. The key tradecff is between the impedance
] : with which the measuring point is loaded (i.e., RS+RA wust be sufficiently
large compared to the source impedance of the voltage suurce), the response
time (determwined by RA) and the input capacitance of the amplifier, and the
sensitivity [which is proportional to RA/(RA*RS)I.

-}vwgf' Interference is mostly from photon-induced cable currents and primary
b photocurrent in the iaput stage of the amplifier. For the same values used
AR .

OIS in section 2.2 (1 m of cable exposed to 109 rads/s, preamp exposed to 108
L \ rads/s) the error in the :medsuring point voltage is given by
R,*R
AV » 2x107% B2 17

, RA

4. MEASUREMENTS OF MAGNETIC FIELDS AND CURRENTS

4.1 Magretic Field Measurements

Tho most comtion wethod of determining a magnetic field in AURGRA
experizents is to measure the voltsge developed in 3 wire loop by the rate
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of change of magnetic field. The basic configuration is shown schematically
in figure 3a. If we first neglect the magnetic field produced by the current
flowing in the loop, the output voltage gersrated by a rate nf change of
magnetic field, B, is given by

V.=A*B. (18)

However, the output voltage produces a current I = VO/R across the load resis-
tor, which in turn produces a flux linking the loop of LI (L is the loop induc-
tance). Therefore, the output voltage, including the field produced by the
currsnt satisfies the equation

dVo

T (19)

Vo= (A*B) -1

where » = L,d. For a step function change in magnetic field (aB), the
rutput is described by

88 oxp(-t/r) . (20)

Vo =4
For a long ramp at a rate ﬁ. it is described by

v, ® A B, (21)
The squivalent circuit is show. in figure 3b. The equivalent circuit and
the equations illustrate that, for magnetic fields changing on a time scale
rapid compared to r, the sensor cutput is A » 8B/v .. For changes on a
time scale slow compared to v, i% is A ¢ B. 1Ia other woxds, at high enough
freguencies it changes iyom & P to a B sensor and the transition frequency
is detexmined by o = 1/¢ = R/L.

~ The sensnr loop illustraced in figure 3a has the shortcoming that it
also rosponds to o changing electric field. When the electric field changes,
charge must move through the loup imductance to restore tl.2 wire to its
previous voltage. An effective method to decreass the E-field sensitivity

17
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b) Equivalent circuit. RS?

L

=) L
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¢) Mobius loop configuration.
r57

Figure 3. Magnetic field sensor.
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and at the same time decrease the radiation response, is to use a balanced
Mobius loop (shown in figure 3c). Two coax cable half loops are joined
at their ends by connecting each center conductor to the other's shield.
The symmetry of this arrangement is preserved by passing the signal through
a balun transformer before connecting to a single-ended recording device.
Tracing the circuit shows that there are effectively two turhs around the
loop area A. This gives the sensor twice the sensitivity of the single
turn device of figure 3a (and also twice the self inductance).

For a typical AURORA sensor with an effective loop area (A) of 3*10\2 mz
and a self inductance (L) of 1 pH, driving a terminated 50 ohm cable, the
sensitivity is expressed as

V(W) = 3%107% B(Weber/m® s)(A/m-s) (22)
and the effective sensor integration time is 20 ns.

The potential interference effects are due to ionization-induced con-
duction in the cable insulator and insulator at the Mobius loop crossaver,
and photon-induced cable currents. Assuming the insulator thicknesses are
.,10”3 w, the effective shunt resistance produced in ~ 10 m of cable exposed
at 109 rads/s of insulator with Kc = 1071 mwho s/rad m is ~ 10° Ohm. This
is very large compared to the 50 ohm cable teminator. If we assume that
the balanced geometry cancels all but ten percent of the photon-induced
cable current, the net effect of a dose rate D on a length, &, of cable
is to place an additional current source in series with the voltage source
with an amplitude of 0.1} xdaéa (see figure 3b). For a photon pulse rise
tige slow compared to L/R, the resultant output interference voltage looks
like a derjvative of the radiation pulse, with amplitude described approxi-
mately by

AV & 0.1 K diﬁL.- (23)

19
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For an exposure cf 10 m of RG58 to a dose rate of 10° rads/s rising in 50 ns
and a sensor inductance of 1 pH, this becomes 2 mV. The equivalent error
in magnetic field accumulated by the time the dose rate achieves D is
described approximately by

AB 0.1 xdsz/A . (24)

For the sample problem above, the error in magnetic field is 3*10-9 Weber/mzi

This is very small compared to the magnetic fields at AURORA.

4.2 Surface Current Measurement

Measurement of surface current density (Js) follows directly from
the magnetic field measurement described in section 4.1. The magnetic field
near the surface is related to the surface current by

By = boly (25)

where Y, = 4ﬂ*10‘7 H/m, the permeability of space. Therefore a sensor of
the type discussed in section 4.1, usually in the form of a semicircle
with its axis in the plane of the surface, measures the yate of change of
surface current, Thus, for rise times slow compared to 7 = L/R,

V. o= u AJ, (26)
The interference terms are similar to those discussed in section 4.1

For a sensor. with half the area and inductance as the example in section
4.1 ’

v, = 2x10”% J5(a/m-s) (2n

20
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and the interference at ﬁ = 109 rads/s is
6 = 3x107 Ajn . (28)

4.3 Volume Current Density

The net current density in a small volume in the AURORA test cell
is determined by measuring the magnetic £iux linking a loop under controlled
boundary conditions. The geometry is illustrated in figure 4. A conducting
cylinder of radius, a, and length, 2, is placed with its axis parallel to
the current f£low, J,, to b2 measured. A Mobius loop B detector (two turns)
is placed with one edge along the cylinder's axis, and the remaining edges
along radii at the ends and along the side wall. By symmetry, the azimuthal
magnetic field as a function of radius, r, is described by
) quvr

B¢ had 2 .

(29)

The sensitivity, for J, varying slowly compared to L/R, is described by

dJ

I M
V-?uoaldt . (30)

The dominant interference terms are again photon-induced cable currents
and electron transfer to and from the cable shields, both of which are
partially cancelled by the symmetric Mobius loop configuration. In effect,
these curvents produce an additional signal by the voltage they develop
across the leop imductance. Thus, the interference signal is described by

Vo= [£gK (20ea)d » €Kl ) LD (31
where f; is the fraction of the Compton current incident un the wire loop,

fc is the fraction of the photom-induced cable current producing an imbalanced
signal, d is the thickness of the laop wire, and &, is the length of cable
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Figure 4. Volume current density sensor. ’
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exposed to radiation. As a result, an error in the measured volume current
- is described by
2[f2Kc(2£+a)d + chdEC]LD

A = . (32)
v uoazl

A typical AURORA sensor has dimensions of 2 = 0. S m, a = 0.5 m,
d =10 " m, and L = 4 yH, The sensitivity is V(V) = 2x10~ dJ S/ 4t (A/m 's).
If we assume f= f = 0.1, 2 = 10 m, and using K = 2x10° C/rad mz, the
interference at D = 109 rads/s is

-3

AJ, = 0.7 A/md . (33)

This compares favorably with the volume Compton current of Jy, = 20 A/m2
praduced by the same 109 rads/s interacting with the air.

4.4 Measurement Of Current In A Conductor

4.4.1 Current Probe

The usual method of measuring the current in a conductor (e.g.,
- wive, strut) is to use & ferrita-core current transformer. 7The conductor
is psssed through the core (i.e., one~turn primary) and the voltuge induccd
in a secondary winding is weasured. The equivalent circuit for such a
curyent probe is shown in figure Sa. We assume a primary leakage inductance
of Lps 2 mutual inductance of } NpNgly. ond secondary leakage inductance of
L. We will fipst neglect the leakage inductances bp and Lg.  The response
to a rapid chaige in primary curremt Ipe is to produce a secondaty current
given by
‘s“;:g‘p'
S

1L S
§ *p (34)

where N « NS/NP is the turns zatio. To drive this current through the
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Figure 5. Current probe.
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resistor, a secondary voltage of
VS = ISRS (35)

is required. To sustain this seCondary voltage, the net .flux in the core
nust build up at the rate

2 41
a9 S
N gt ®IsRs = MNg b 3¢ - (36)

Therefore, the secondary voltage will decay according to the relationship

IR
p S q_*tle

Vg(t) = == (37)

where 7, = NSZLOIRS. Similarly, the voltage reflected into the primary to
sustain the constant priumary current is given by

v. IR ‘
§ ... PSS -t/y

If the input current is sustained, the magnetic flux may build up to the
saturation flux demsity, Og.p- Vhis will occur when

2 g0 o A |
sat f oo A (39)
»Therefore, saturation can be expressed as a voltage-time product for the

secondasy circuit. Equivalently, fov the primary circuit

it = i fvpé:, . | (40)

If core saturation is a prooles. it is best solved by current dividing so
that only & fraction of the curbent passes through the probe. Care must be
taken to ensure that the probe iusertion impedance is szall compdred to the
divider impedsnce. |
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The leakage inductances limit the high frequency response of the current
probe by introducing an additional reactive impedance in sexies with the
primary and secondary circuits. This can be seen in figure 5b, which illus-
trates the equivalent circuit as reflected in the primary circuit with a
Thevenin eguivalent source attached If the current probe is not to perturb
the current being measured, Rs/N should be small compared to Rp. The
effective rise time of current in the circuit can then be expressed as

(1]

el s GgWOVR S L8, 7 )

where L, is the insertion inductance.

Interference‘in current probes is principaliy:frém imbalanced charge
- transfer in the probe and photon-induced caﬁza currents.” This is best
,v represéﬁted as an additional carrenm in the secondary curyent, QISA 1£
- we asswze the primary circuit is truly a current s&urce {i. e., high impedance),
a1l of the extra cusvent nust flow theough the resiatos Rg. producing an |
- exror voltage AV = Séis This couzd he xntarpreted 2 an arreaeaus
p&’l..ﬁ::y u.re:u;t current given by : - '

Alpw Nl . o e

I the primayy citcuit has a i inite iupedance of Ra. the extra curvent will
be shared betwesn Ry and Ry/N".  This will produce extra curreat ia the
primary circult and a sasller ovror in the interpreted curvent.

Examples of curvent probes used at AURORA are the Tektronix Nodels
Cr-1, CT-2, and s;nger $4106-1. Their chasacteristics ave sustarized in
ml# e .
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4.4.2 Series Resistor

Another method of measuring a current is to convert it into a
voltage by inserting a series resistor. This technique is useful in low-
current high-impedance circuits where large series resistors (i.e., >10 Ohm)
are acceptable. Unless long-term respoase is needed (i.e., times longer
than stLo/RS) a current probe is more convenient for modest-current appli-
cations.

5. MEASUREMENT OF AIR CONDUCTIVITY

5.1 Parallel Plate Ilonization Chamber

The .conductivity of iunized air as a function of electric field

is a fundamental parameter determining the net electric and magnetic fields
in an ionized air volume. The simplest measuring device is a parallel plate
ionization chamber, otherwise known as a "pie-pan''. A version used for
careful measurements of the attachment rate @, and mobility u, in air is
shown in figure 6. Thke double-sided geometry and radiation collimators are
used to minimize the effects of Compton transfer currents on the conductivity
measurement.

An ionization pulse produces electron-ion pairs at a rate of
I ° K PD (43)

where l(g = 2.28109P in air at 293°K, and P is the pressure in atmospheves.
The electrons are removed by attachment at the rate of an; they drift under
the influence of an electric field, E, at a velocity pE. We will neglect
the effect of density gradients on the.electror trahsportx‘ We will also
neglect the motion of positive and negative ions, since the ion mobility

is small compared to the electron mobility.
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Figure 6. Schematic diagram of the “pie pan” experinent.
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Consider first that a density of KgPD electrons are generated in a !
pulse short compared to the attachment and sweep-out times. Attachment and
drift in an ion chamber with two sides, gap width, a, exposed area, A,

under an electric field, E, produces an external circuit current of

I(t) = 2e ousugpne'“(l‘“ﬁ" 3), (44)

if the dose, D, is calibrated, the mobility can be calculated from the peak
current at t=0 (before attachment or sweep-out). Given the mobility, a
A ,ﬁ' sweep-out correction for the last factor can be performed and the remaining
=.fﬁ current decay fitted to an exponential with a slope of 1l/&.

(2

At higher pressures, the attachment time, 1/a, is comparable to the
ionization pulse width and the foregoing procedure does not work. In this
case the sweep-out correction (1-pEt/a) is almost always indistinguishable
from unity and we can use the total charge collected, Q =°fm1dt to calcu-
late (/). Therefore,

Qs Idt = 28 ,EAKPD (/o) (45)
and (wWa) = -fé:’_.‘_E}iKgFﬁ . (46)

There are serious limitations tc the use of such ion chambers. They are:

1) At low electric fields the conduction current is masked by net
Compton transfer currvents and photon-induced cable currents. With careful
collimation and shielding, measurements in air at 0.6 atm pressure were
performed at HIFX down to an applied voltage of 7 V/cm.!

2) At high electyric fields and high doses the boundary layor of positive
charge near the anode (from which the electrons have been removed by drift-
ing) can absorb & significant fraction of the appiied voltage. This brecess
decrezses the electric field wheve the electyons are still drifting. The
magnitude of the change in electric field cam be oxpressed approximately as ;

30
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2
e K PDu“E
E(t) - 0 E {l-e‘at_ate'at}
E eoa

. (a7)

When most electrons are attached rather.than swept out, the asymptotic value
is expressed as

e K_PDUE
J—”; =2 et . (48)
(o]

This formula illustrates that. the fractional change in electric field
increases with increasing electric field.

5.2 Microwave Absorption And Scattering

Microwave transmission is an effective means of measuring air
conductivity. At a microwave aiigular frequency, w, the complex conductivity,
G, of a gas containing an electron density, n, that undergo momentum trans-
fer collisions at a rate, g, is described by

2
ne

~o 0 (g/w) +d ‘
g ” il (49)
oW g /w

where Mo is the electron mass. The real and imaginary portions of the con-
ductivity can be deduced from the attenuetion and phase shift of a micro-
wave beam passing through the ionized gas. For example, in a waveguide of
transverse dimensions (a,b) excited by a TEOL wode, the propagation con-
stant in the ionized wedium is il' « ¥, where

i = ii/el - rifadyk (50)

is the exprossion for the propagation constant in the waveguide without air
conductivity, and

" .‘) L g -
Feil-Fo @ - wd 1)
describes the change introduced by the conductivity.
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The complex amplitude, A, relative to the value without conductivity,
after propagating down a uniformly ionized section of waveguide of lengtii
L can be calculated as a straightforward boundary value problem:

~2
A= exp(-YL) 1 - "i‘l—"— [1-exp(-2irL-2¥L] . (52)
4r“(1-i§/T)

This attenuation and phase shift of the microwave beam can be deduced from

1 15 "3

measurements with a microwave bridge.® Electron densities down to 10 o

can be measured with this method.

More sensitive techniques use microwave cavities. These are not as
easily calibrated as a waveguide, but can detect e¢lectron densities smaller
by factors of 103 or more. Some of these are summarized in reference 4.
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